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Abstract
Migratory cranial neural crest cells differentiate into a wide range of cell types, such as ectomesenchymal tissue (bone and connective
tissues) ventrally in the branchial arches and neural tissue (neurons and glia) dorsally. We investigated spatial and temporal changes of
migration and differentiation potential in neural crest populations derived from caudal midbrain and rhombomeres 1 and 2 by back-
transplanting cells destined for the first branchial arch and trigeminal ganglion from HH8–HH19 quail into HH7–HH11 chicks. Branchial
arch cells differentiated down ectomesenchymal lineages but largely lost both the ability to localize to the trigeminal position and neurogenic
differentiation capacity by HH12–HH13, even before the arch is visible, and lost long distance migratory ability around HH17. In contrast,
neural crest-derived cells from trigeminal ganglia lost ectomesechymal differentiation potential by HH17. Despite this, they retain the ability
to migrate into the branchial arches until at least HH19. However, many of the neural crest-derived trigeminal ganglia cells in the branchial
arch localized to the non-neural crest core of the arch from HH13 and older donors. These results suggest that long distance migration ability,
finer scale localization, and lineage restriction may not be coordinately regulated in the cranial neural crest population.
© 2003 Elsevier Science (USA). All rights reserved.
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Introduction
Cranial neural crest cells migrate from the dorsal neural
tube to populate the region down to and including the
branchial arches. They contribute to a diverse range of cell
types, including neurons and support cells, bone, connective
tissue, pericytes, muscle, odontoblasts, and cartilage (Chai
et al., 2000; Le Douarin, 1982; Le Lievre and Le Douarin,
1975). The interaction of the neural crest cells with their
environment both during migration and within the branchial
arches is thought to contribute to progressive gene expres-
sion changes leading to a normal program of morphogenesis
and cytodifferentiation (Noden, 1982). The function and
precise nature of these genetic changes in regulating cell
behavior and differentiation of neural crest cells remain
largely unknown. Even at a descriptive level, only fragmen-
tary details exist of where and when decisions are made that
curtail cell migration and restrict lineage potential in spe-
cific sites, such as the branchial arches and neural ganglia.
Commencing around Hamburger and Hamilton stage 9
(HH9; Hamburger and Hamilton, 1951) (or 7 somites; E1.4)
in chicks (Tosney, 1982), the majority of cranial neural crest
cells arising from the caudal midbrain and hindbrain mi-
grate ventrolaterally between the ectoderm and mesoderm
to the ventral surface of the embryo. At around HH13 (19
somites; E1.8–E2), they enter and make a major contribu-
tion to the branchial arches (Le Lievre and Le Douarin,
1975; Noden, 1975, 1991). Early migrating cranial neural
crest cells express a number of genes, including transcrip-
tion factors Sox10 (Cheng et al., 2000), AP-2 (Mitchell et
al., 1991; Shen et al., 1997), Twist (Gitelman, 1997), and
members of the Snail family (Sefton et al., 1998), as well as
markers such as the cell surface carbohydrate HNK-1
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epitope in avian embryos (Rickmann et al., 1985; Tucker et
al., 1984; Vincent et al., 1983). Neural crest cells (from
HH17, E2.5 chick, E9.5 mice) occupy the lateral, ventral,
and medial regions of the branchial arches (Le Lievre and
Le Douarin, 1975), surrounding a mesodermally derived
core, which is itself derived from ventrolaterally migrating
tissue (Hacker and Guthrie, 1998; Lumsden et al., 1991;
Noden, 1986; Trainor and Tam, 1995). In contrast to the
trunk level, neural crest cells in the branchial arches ulti-
mately differentiate into skeletal and connective tissues (Le
Lievre and Le Douarin, 1975; Nakamura, 1982; Noden,
1978a). The neural crest cells that differentiate into skeletal
and connective tissues are referred to as ectomesenchyme
(Horstadius, 1950). Other cranial neural crest cells cease
their ventral migration close to the neural tube, and from
HH12 (16 somites; E1.8) begin to aggregate (Noden, 1975),
and then from HH14 (22 somites; E2–E2.2) these cells are
joined by placodally derived cells to form several of the
cranial ganglia, such as the trigeminal (D’Amico-Martel
and Noden, 1983; Noden, 1975). These fates are similar to
those of trunk neural crest cells that form the peripheral
ganglia.
As a population, the neural crest in the earliest stages of
migration can form any of the cranial neural crest deriva-
tives (Baker et al., 1997). However, neural crest cells in the
branchial arches and cranial ganglia display gene and
marker expression differences during their early postmigra-
tory maturation. Neural crest-derived branchial arch cells
down-regulate expression of HNK-1 (Noden, 1991) and
Sox10 after HH13 (Cheng et al., 2000), whereas neural
crest-derived cells in ganglia continue to express both of
these markers (Cheng et al., 2000). The expression of other
genes, such as AP-2, is initially maintained in both tissue
types, and later decreases in the maxillary and mandibular
processes of the first branchial arch after HH20 (E3) (Shen
et al., 1997). At HH14–HH15 (22–25 somites; E2–E2.2),
neural crest-derived branchial arch cells begin to express
branchial arch-specific genes, including the transcription
factors Dlx2 (Bulfone et al., 1993) and fli (Mager et al.,
1998). Little is known of the detailed sequential order of
many of these molecular changes. One exception is the
expression of fli and HNK-1 in Aves. In quail at HH14–
HH15, many neural crest cells within the branchial arches
briefly express fli and HNK-1 concurrently, then lose
HNK-1 expression and continue to express fli as they reach
the end of their migration at the distal tip of the branchial
arch (Mager et al., 1998). Neural derivatives, which main-
tain HNK-1, do not express fli (Mager et al., 1998). The
function of these molecular changes in establishing the
normal program of morphogenesis and differentiation is not
known.
The mechanisms causing neural crest cells to cease mi-
gration are unclear but may include physical barriers, such
as the distal extent of the branchial arch, time-dependent
intrinsic changes of migratory ability (Duband et al., 1986),
and signals from other tissues, such as the ectoderm,
endoderm, and mesoderm. Previous studies, mostly of trunk
neural crest, have shown that the cessation of neural crest
migration does not correlate with an innate loss of migra-
tory, or indeed differentiation, potential. At least some post-
migratory neural crest-derived cells from a variety of gan-
glia of E4 to E15 quail donors could remigrate and behave
like young neural crest cells when transplanted into a
younger (E2 chick) embryonic environment (Ayer-Le-
Lievre and Le Douarin, 1982; Dupin, 1984; Le Douarin et
al., 1978; Le Lievre et al., 1980; Schweizer et al., 1983).
Many of the grafted cells migrated along normal ventral
pathways, were found in normal neural crest sites mixed
with host crest cells, and differentiated into the appropriate
neuronal type for the host structure. The number of migra-
tory cells and extent of migration decreased gradually with
increasing age of the donor, with migratory ability decreas-
ing to a low level around E14–E15 (Dupin, 1984;
Schweizer et al., 1983). These migratory cells also showed
some restrictions in developmental capacity since they pop-
ulated a restricted number of crest sites (Ayer-Le Lievre and
Le Douarin, 1982; Dupin, 1984; Le Douarin et al., 1978; Le
Lievre et al., 1980; Schweizer et al., 1983).
The ability of postmigratory branchial arch cells to dif-
ferentiate following grafting into younger hosts has also
been investigated. Ciment and Weston (1985) grafted pieces
of first branchial arch taken from E3.5–E4 quail (HH23)
next to the mesencephalon and trunk neural tube of chick
hosts at neural crest migratory stages. This study assessed
the differentiation potential but not the migratory ability of
first branchial arch mesenchyme. These cells were able to
differentiate into connective tissue, skeletal and smooth
muscle, cartilage and dermis, but were unable to give rise to
neural tissues and melanocytes. Thus, in comparison with
early neural crest, these cells must have already undergone
some lineage restriction. The detailed timing and nature of
restrictions to differentiation ability of cranial neural crest-
derived cells (e.g., before, during, or after the end of mi-
gration) that give rise to the trigeminal ganglion and first
branchial arch, has not been tested. Further, the degree and
timing of restriction in migratory ability of these cells when
similarly engrafted has not been determined.
We examined the ability of caudal midbrain and rhom-
bomere 1- and 2-derived neural crest cells, taken at different
stages of development, to remigrate and differentiate when
placed into the neural crest pathway in younger hosts using
quail/chick grafting. We focused on the mandibular process
of the first branchial arch, and the trigeminal ganglia, as
examples of ectomesenchymal and neural derivatives and
compared their behavior with grafted premigratory neural
crest. The migration patterns of branchial arch mesenchyme
and trigeminal ganglia cells differed from each other and
from control neural crest cells. First branchial arch mesen-
chyme taken from younger donors (HH14) had the ability to
remigrate into the first arch; however, this ability decreased
quickly such that, by HH17 (E2.5), few branchial arch cells
were capable of migration. Unlike control neural crest cells,
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branchial arch mesenchymal cells, regardless of donor age
(HH14–HH19), were not capable of contributing to the
trigeminal ganglion or differentiating into neurons. They
also migrated to the dorsal aorta, a pathway not favored by
grafted control neural crest cells. Conversely, HH17–HH19
trigeminal ganglion-derived cells primarily contributed to
neural tissue, ganglia, and nerve trunks, and only poorly to
connective tissue derivatives, despite an ability to translo-
cate into the branchial arch up to at least HH19. These
ganglion-derived cells located in the branchial arch fre-
quently mislocated to non-crest regions. Neural crest cells
that were just attaining their final locations, either the
branchial arch or trigeminal ganglion, also began to show
restrictions in lineage potential. These results suggest that
neural crest cells become restricted in lineage potential prior
to or soon after they cease migrating, and before they lose
migratory ability. Further, they suggest that long distance
migratory and short-range localization ability are differen-
tially regulated, and that there are important timing differ-
ences between the dorsal (neural) and ventral (ectomesen-
chyme) derivatives in these changes.
Materials and methods
Quail–chick grafting
Chicken (Gallus gallus) and quail (Coturnix coturnix
japonica) eggs obtained from Research Poultry (Research,
Australia) and Lago Game (Thomastown, Australia), re-
spectively, were incubated at 38°C until the appropriate
stage of development (Hamburger and Hamilton, 1951).
Quail first branchial arch mesenchyme, neural fold of caudal
midbrain and rhombomeres 1 and 2, trigeminal ganglia, and
migrating neural crest served as donor tissue. In addition,
limb bud mesenchyme was used as a source of non-neural
crest-derived mesenchymal cells for comparison.
Donor tissue
HH17–HH19 quail limb bud and the distal half of the
mandibular process of the first branchial arch of HH14–
HH19 quail were collected in Ham’s F12 (Thermo Trace,
Noble Park, Australia) and incubated in 4 mg/ml Dispase II
(Boehringer Mannheim, Germany) in Ham’s F12 for 30 min
at room temperature (RT). The epithelium was then re-
moved by using tungsten dissecting needles. To obtain
neural fold tissue, the anterior half of HH8–HH10 (6–10
somites) quail were collected in Ham’s F12 and incubated
in 2 mg/ml Dispase for 15 min at RT. Tissue adjacent to the
neural tube was removed with dissecting needles, and the
neural tube was transected at the caudal edge of rhom-
bomere 2 and midway through the midbrain. The neural
folds of rhombomeres 1 and 2 and the caudal midbrain,
consisting of the dorsal-most region of the neural tube and
a small tongue of epidermis were dissected free. Trigeminal
ganglia were dissected from HH17–HH19 quail, incubated
in 2 mg/ml Dispase for 15 min at RT, and excess mesen-
chyme removed. The periphery of the ganglia, including the
distal regions of the developing opthalmic and maxilloman-
dibular lobes, were trimmed away, to leave a core region
rich in neural crest- derived cells.
Migrating neural crest was obtained from several loca-
tions during development (see Fig. 4a). Dorsolateral migrat-
ing neural crest was dissected by placing 8- to 10-somite-
stage (HH9 to 10) quail embryos in 2 mg/ml Dispase for
10 min at RT. Ventral tissues, including much of the parax-
ial mesoderm, were removed, and a strip of ectoderm with
attached migrating neural crest cells was carefully dissected
from the dorsal surface immediately adjacent to the caudal
mesencephalon and rhombomeres 1 and 2. Ventrolateral
neural crest with associated endomesenchyme and ectoderm
was dissected from 16-somite (HH12) and 19-somite
(HH13) quail donors. The embryo was transected at the
caudal edge of rhombomere 2 and again midway through
the midbrain, to obtain a transverse slice of the embryo
containing the future or developing first branchial arch, and
placed into 2 mg/ml Dispase for 10 min at RT. This slice
was then transected in a plane between the neural tube and
pharynx to divide the slice into dorsal and ventral portions,
and the endoderm was carefully removed. The tissue ven-
trolateral to the pharynx was then dissected free, consisting
of neural crest destined for the first arch, endomesenchyme
and ectoderm. Dorsolateral neural crest with associated ec-
toderm and mesenchyme was dissected from the dorsal
portion of this slice of tissue from HH13–HH14 donors. The
mesenchyme and ectoderm adjacent to the metencephalon,
containing the developing trigeminal ganglia, were dis-
sected free. All donor tissue was placed into tissue culture
medium [TCM; 3% fetal calf serum, 100 U/ml penicillin
and 100 g/ml streptomycin (all from ThermoTrace), 200
mM L-glutamine (Sigma, MO) in Ham’s F12] prior to
grafting.
Grafting procedure
Recipient chick embryos (HH7–HH11) were visualized
by sub-blastodermal injection of India ink (Pelikan No. 17
Black; Pol Equipment, Sydney, Australia) diluted 1/10 in
phosphate-buffered saline (PBS). A small opening was
made in the vitelline membrane beside the caudal hindbrain.
Quail grafts of each of the tissues were implanted lateral to
the neural tube under the ectoderm by using a fine glass
pipette. The average number of cells per graft was estimated
by incubating tissue the size of a graft (assessed visually) in
drops of 10 l 0.025% trypsin (ThermoTrace) and 2 mM
EDTA on tissue culture dishes at 37°C for 15 min. These
were dissociated by trituration, and the number of cells was
counted, with an average of about 150 cells per graft. Grafts
were positioned beside rhombomeres 1 and 2, to maximize
migration to the trigeminal ganglia and mandibular process
of the first branchial arch. Control embryos were punctured
with the glass pipette to assess the wound healing response
(Wahl and Noden, 2001). The yolk was then lowered by
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The anterior half of HH8 quail was incubated in 2 mg/ml
Dispase for 15 min at RT. Donor neural folds were prepared
as above. The lateral half of the paraxial mesoderm was
dissected and collected at the same level as the neural folds.
Donor tissue was placed in 2 M calcein AM (Molecular
Probes, Eugene, OR) for 30 min at RT, and the tissue was
then transferred to TCM. Grafts were carried out as de-
scribed above into chick hosts, which were incubated for a
further 24-40 h, until they reached HH14–HH19. Chick
hosts were then collected in Ham’s F12, and first branchial
arches containing calcein-labeled quail cells detected by
fluorescence were dissected free, and the epithelium was
removed as described above. Chimeric quail/chick donor
tissue was then placed into TCM and grafted into younger
chick hosts (HH7–HH11) as described above.
Immunohistochemistry
Incubation was continued at 38°C for 16 h to 7 days, and
the embryos were harvested and fixed in 4% paraformalde-
hyde in PBS at 4°C overnight, followed by washing in PBS.
Embryos younger than E4 were immunolabeled as whole
mounts for the quail-specific marker QCPN, supplied by the
Developmental Studies Hybridoma Bank (University of
Iowa, Iowa City, IA). Embryos were blocked in 1% bovine
serum albumin (BSA) with 0.5% Triton X-100 (Tx) in PBS,
incubated in mouse anti-QCPN at 1:50 in BSA/Tx in PBS
overnight at 4°C, washed thoroughly in PBS, and incubated
overnight at 4°C in goat anti-mouse IgG Alexa 488 diluted
1:500 (Molecular Probes). Whole-mount embryos were
viewed with a Leica MZ FL III (Leica Microsystems, Swit-
zerland) fluorescence stereomicroscope, and images were
captured with a Leica DC200 digital camera III (Leica
Microsystems) and processed with Leica IM1000 software
(Ver 1.10 Release 17). Cranial regions were then dissected
in PBS, cryoprotected in 30% sucrose in PBS, embedded in
TBS Tissue Freezing Medium (ProSciTech, Thuringowa,
Australia) in Tissue Tek cryomolds (Miles Inc., IN), and
frozen in dry ice-cooled isopentane. Serial sections of 16 or
20 m were cut transversely through the branchial region
by using a Leica 2800 cryostat microtome, and collected on
poly-L-lysine-coated Superfrost PLUS microscope slides
(Biolab Scientific, Auckland, NZ). Sections were washed in
PBS and mounted by using Dako Vectashield (Vector Lab-
oratories Inc., CA) or FluoroGuard Antifade Reagent (Bio-
Rad Laboratories, Sydney, Australia). Embryos fixed at E8
were placed into 30% sucrose after washing in PBS, em-
bedded in TBS Tissue Freezing Medium, and frozen in dry
ice cooled isopentane. Sections (20 m) were cut trans-
versely through the branchial region and collected on alter-
nate slides. Slides were blocked, washed, and labeled for
QCPN as above.
Selected sections were then further processed for immu-
nohistochemistry by using several antibodies. Coverslips
were removed in PBS, and sections were incubated over-
night at 4°C in primary antibodies diluted in 1% BSA in
PBS, followed by washing in PBS. Primary antibodies used
were rabbit anti-Neural Cell Adhesion Molecule (NCAM)
diluted 1:400 (Chemicon), rabbit anti-neurofilament M
145kD C-terminal (NF) diluted 1:200 (AB1987; Chemi-
con), mouse IgM anti-HNK-1 supernatant (neural crest
marker) diluted 1:20 (hybridoma maintained at MCRI),
mouse IgG anti- smooth muscle actin (SMA) diluted 1:200
(Sigma), mouse IgG anti-MF20 (skeletal muscle marker)
diluted 1:50 (Developmental Studies Hybridoma Bank),
mouse IgG anti- HuC/HuD (against human neuronal pro-
tein) diluted 1:20 (Ab 16A11; Molecular Probes), rabbit
anti-laminin diluted 1:1000 (Sigma), mouse IgG anti-
ACAM (N-cadherin) diluted 1:100 (Clone GC-4; Sigma),
and mouse IgG anti-E-cadherin diluted 1:100 (Transduction
Labs, KY). Several sections were postfixed in Serra’s fixa-
tive for 2 h at 4°C, rinsed in PBS, and incubated in mouse
IgG anti-QH-1 (quail endothelial cell marker), supplied by
the Developmental Studies Hybridoma Bank diluted 1:1000
in 1% BSA in PBS for 1 h at RT, then washed in PBS.
Secondary antibodies were diluted in 1% BSA in PBS, and
sections were incubated for 2 h at RT, washed in PBS, and
mounted by using Dako Vectashield or Bio-Rad Fluoro-
Guard Antifade Reagent. The secondary rabbit antibodies
used were Texas Red-conjugated donkey anti-rabbit IgG
diluted 1:200, or donkey anti-rabbit IgG:biotin diluted
1:100 followed by washing in PBS and incubation in
streptavidin:AMCA diluted 1:400 (all obtained from Jack-
son ImmunoResearch, PA). The mouse secondary antibod-
ies used were donkey anti-mouse IgM: biotin diluted 1:100
(Jackson ImmunoResearch) followed by streptavidin:
AMCA, and donkey anti-mouse IgG Alexa 594 diluted
1:1000 (Molecular Probes). Image analysis was performed
by using an Axioskop fluorescence microscope (Carl Zeiss
Inc., Sydney, Australia), a charge-coupled device camera
(Photometrics Image Point, AZ), and IPLAB software (Sig-
nal Analytics, VA). Images were color-balanced and assem-
bled in Adobe Photoshop 5.0 (v5.0.2, Adobe Systems Inc.,
CA).
Results
Neural crest cells from quail neural fold grafts migrate
and differentiate like host neural crest cells
Neural folds taken from the caudal midbrain and rhom-
bomeres 1 and 2 were grafted beside rhombomeres 1 and 2
in chick hosts to confirm the ability of grafted cranial neural
crest cells to recapitulate the migratory activity of the en-
dogenous population (Le Lievre and Le Douarin, 1975;
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Lumsden et al., 1991; Noden, 1975). Grafted quail neural
fold tissue consisted of neural crest cells, neuroepithelial
cells, and ectoderm.
Analysis of chick recipients fixed at E3.5 revealed
QCPN-positive cells dispersed among host cells from dorsal
to ventral regions in normal rhombomere 1 and 2 neural
crest sites (Table 1). Distally, QCPN-positive and NCAM-
negative graft cells were found in the periphery of both the
proximal and distal regions of the caudal aspect of the
mandibular process, the normal destiny for rhombomere 1-
and 2-derived neural crest, surrounding the NCAM-posi-
tive, QCPN-negative mesodermally derived host core (Fig.
1a). The branchial arch ectoderm and pharyngeal endoderm
were also NCAM-positive (Crossin et al., 1985). Some
QCPN-positive cells dispersed in the head mesenchyme
dorsal to the first branchial arch were observed near blood
vessels, including the dorsal aorta, for which neural crest
cells later supply smooth muscle. Sections immunolabeled
with the quail-specific endothelial marker QH-1 revealed no
QH-1-positive cells in embryos containing quail neural fold
grafts, suggesting that there was very little mesodermal
contamination of the grafts. Analysis of recipients fixed at
E8 revealed QCPN-positive cells contributing to the major-
ity of normal rhombomere 1 and 2 neural crest derivatives
(Le Lievre and Le Douarin, 1975; Noden, 1978a). QCPN-
positive cells negative for HNK-1 and the neuronal marker
HuC/HuD were distributed in a variety of connective tissues
from dorsal regions to the distal extent of the mandible. A
small number of QCPN-positive cells, both positive and
negative for smooth muscle actin (SMA), were found
around blood vessels, including the internal carotid artery.
QCPN-positive cells in muscle were found mainly between
MF20-positive skeletal muscle myotubes (Fig. 1b), and a
small number stained positively for MF20. QCPN-positive
cells also formed cartilage and connective tissue (Fig. 1b)
and were observed in dermis both close to the graft site and
in the distal mandible. A very small number of QCPN-
positive cells were observed in the epidermis, a site consis-
tent for melanocytes. Some QCPN-positive, HNK-1-nega-
tive cells were found in the connective tissue adjacent to the
epithelium at the dorsal surface of the mouth. At E3.5,
numerous QCPN-positive, HNK-1-positive cells were
found within the NF, HNK-1, and NCAM-positive trigem-
inal ganglia (Fig. 1c), and sometimes a few were found in
the ciliary ganglia. At E8, this QCPN-labeled population
consisted of both NF and HuC/HuD-positive and -negative
cells (Fig. 1d). QCPN-and HNK-1-positive but HuC/HuD-
negative cells were aligned along NF-positive peripheral
nerve fibers, including those supplying the internal carotid
artery. No QCPN-positive cells were observed in the brain.
At E3.5 and E8, the grafted QCPN-positive, NCAM-
positive, neuroepithelial cells remained at the site of im-
plantation, and sometimes reformed into N-cadherin-posi-
tive neural tube-like structures bounded by laminin
Table 1
Extent and degree of migration of graft-derived cells to targets
Graft Target








HH8-HH9 22 19/22* 12/22* 22/22 2/21  
Neural fold    
HH17–HH19 11 7/11* 2/11* 0/11 2/11  
Limb bud   
HH17-HH19 17 7/17* 3/17* 0/17 10/17  
Branchial arch   
HH17-HH19 10 9/10*** 10/10*** 10/10 7/10  
Trigem. ganglia    
HH14-HH15 17 16/17* 10/17* 0/17 13/17  
Branchial arch   
HH9-HH10 8 8/8* 8/8* 8/8 4/8  
Dorsolateral nc    
HH12 8 8/8* 7/8* 4/8 4/8  
Ventrolateral nc    
HH13 11 10/11* 10/11* 7/11 10/11  
Ventrolateral nc    
HH14 17 16/17** 15/17** 16/17 9/17  
Dorsolateral nc    
Note. The number in each box indicated the number of hosts with cells found at each target, and the number of ’s indicates the relative number of cells
found at each location. The relative number of QCPN-positive cells found at each location was scored out of five ’s, compared with the estimated total
number of QCPN-positive cells within each host, and averaged over the number of hosts with grafts displaying that behavior.
* QCPN-positive cells in the branchial arch were HNK-1- and NCAM-negative and found in the peripheral region.
** About two thirds of the QCPN-positive cells in the branchial arch were NCAM- and HNK-1-negative and found in the periphery, whereas all remaining
QCPN-positive cells were NCAM- and HNK-1-positive and found in the core region and distal tip of the arch.
*** QCPN-positive cells in the branchial arch mainly expressed HNK-1 and NCAM and were found in the core region and distal tip of the arch.
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immunoreactive basement membranes. Fragments of ecto-
derm remained at the graft site and stained for E-cadherin in
a small number of grafts.
Limb bud mesenchyme graft cells display limited
migration
HH17–HH19 quail limb bud mesenchyme was chosen as
a non-neural crest-derived mesenchymal tissue foreign to
the site in both spatial and lineage terms. Previous work
grafting HH21 limb bud mesenchyme into cranial and trunk
neural crest pathways found very little dispersal of graft
cells into the surrounding mesenchyme (Erickson et al.,
1980). The vast majority of QCPN-positive cells in our limb
bud mesenchyme grafts remained together as a coherent
group, when analyzed at E3.5 (Fig. 1e), and also at E8. A
few QCPN-positive limb bud mesenchyme cells were ob-
served in the branchial arch, both as dispersed single cells
and in aggregates in 7/11 recipients (Table 1). We examined
the dispersal of quail endothelial cells using the QH-1 an-
tibody, as these cells are highly invasive (Noden, 1989), are
plentiful in the limb bud (Bates et al., 2002), and may have
accounted for the dispersed quail limb bud cells. The few
QCPN-positive cells in the branchial arch were mostly QH-
1-negative. A number of QH-1-positive, QCPN-negative
cells were observed around blood vessels and within the
head mesenchyme, both in the branchial arch and dorsal to
it. A small number of QCPN-positive cells, both positive
and negative for QH-1, was also observed near the dorsal
aorta in 2/11 recipients. Similar proportions of cells were
also seen dispersed from the graft in all directions in the
dorsal head mesenchyme in most recipients. At E8, these
QCPN-positive cells in the dorsal head mesenchyme and
proximal mandible were found both as dispersed cells and
aggregates and contributed to several connective tissue
types: smooth muscle around blood vessels, skeletal muscle
(Fig. 1f), cartilage and perichondrium (Fig. 1g), dermis, and
connective tissue. QCPN-positive cells found in cartilage
were not dispersed with host cells, but occupied discrete
regions of the cartilage, or formed separate nodules (Fig.
1g). At E3.5, QCPN-positive cells were very rarely ob-
served within the trigeminal ganglia, but were close to
the surface of the ganglion when the graft was immedi-
ately adjacent to it. A small number of QCPN-positive
cells were found within the trigeminal ganglia and brain
at E8, but they did not express NF or the neuronal marker
Fig. 1. Fluorescence micrographs of transverse sections of chick heads containing quail grafts of neural fold (a–d) and limb bud mesenchyme (e–i). Quail
cells are labeled for QCPN in green. Blood cells are uniformly autofluorescent (asterisks), and sections are oriented with dorsal to the top. (a) Neural crest
cells from a neural fold graft surround the NCAM-positive (red, arrow) mesodermal core of the first branchial arch at E3.5. The branchial arch ectoderm and
pharyngeal endoderm are also NCAM-positive. (b) Neural crest cells in E8 hosts have formed cartilage (Ca) nodules and are dispersed among MF20-positive
(red, M) skeletal muscle fibers. (c) Quail neural crest cells at E3.5 contribute to the HNK-1-positive (blue) trigeminal ganglion (TG) and outgrowing HNK-1-
and neurofilament-positive (red) nerve fibers. (d) At E8, neural crest cells within the TG are both positive (arrow) and negative (arrowhead) for the neuronal
marker HuC/HuD (red). (e) Grafted quail limb bud mesenchyme cells at E3.5 remain in a coherent mass at the graft site. (f) In E8 hosts, limb bud mesenchyme
cells contribute to MF20-positive (red, M) muscle fibers and connective tissue. (g) Limb bud mesenchyme cells form discrete cartilage nodules (Ca) in E8
hosts. (h) Limb bud mesenchyme cells are found mainly around the periphery of the TG at E8, and those within the TG do not express the neuronal marker
HuC/HuD (red). (i) Limb bud mesenchyme cells at E8 within the brain are positive (arrowhead) and negative (arrow) for the quail endothelial marker QH-1
(red). Scale bars in (a), (b), (e), and (g), 100 m; bars in (c), (f), and (h), 50 m; and bars in (d) and (i), 20 m.
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HuC/HuD (Fig. 1h). In previous work, grafting limb bud
mesenchyme into the head mesenchyme, the only graft
cells found within the brain were QH-1-positive endo-
thelial cells (Korn et al., 2002). We found that the graft
cells within the brain were mostly QH-1-positive and
QCPN-negative; however, we observed a very small
number of QH-1- negative, QCPN-positive cells within
the brain (Fig. 1i). These few cells may have been con-
tributing to pericytes, smooth muscle, or connective tis-
sue. A small number of QH-1-positive cells were also
found dispersed throughout the head mesenchyme in the
endothelium of numerous blood vessels.
HH17–HH19 branchial arch mesenchyme graft cells
display limited migration, comparable to cells
from limb bud grafts
HH17–HH19 branchial arch mesenchyme grafts gave
rise to relatively few migratory cells in recipients analyzed
at E3.5. These few cells were found dispersed ventrally in
the branchial arch, both as clumps and single cells, around
the dorsal aorta, and dorsally in the head mesenchyme near
the graft (Table 1). The majority of cells remained in the
graft as a coherent group and behaved in a similar manner
to limb bud mesenchyme grafts. Analysis of hosts fixed at
Fig. 2. Fluorescence micrographs of transverse sections of chick heads showing the behavior of quail cells from HH17-HH19 first branchial arch mesenchyme
grafts (a–d), HH14-HH15 first branchial arch grafts (e–h), and HH17-HH19 trigeminal ganglia (TG) grafts (i–l). QCPN-positive quail cells are labeled in
green. Blood cells are uniformly autofluorescent (asterisks), and sections are oriented with dorsal to the top. (a) HH17 branchial arch cells form cartilage (Ca)
nodules in E8 hosts. (b) HH19 branchial arch cells do not contribute cells to the E3.5 developing TG, labeled with HNK- 1 (blue) and neurofilament (NF,
red). (c) In E8 hosts, HH17 branchial arch cells are occasionally observed along NF-positive (red) nerve fibers. (d) HH17 branchial arch cells found within
the brain at E8 do not express the neuronal marker HuC/HuD (red). (e) HH15 branchial arch cells migrate into the first branchial arch and to the dorsal aorta
(DA) and first branchial pouch region at E3.5. At E8, HH14 branchial arch cells differentiated into smooth muscle actin-positive (red) smooth muscle around
blood vessels (f) and are located among MF20-positive (red) skeletal muscle (g). A few branchial arch cells differentiated into MF20-positive myotubes
(arrow, g). (h) HH14 branchial arch cells migrate to the DA and first branchial pouch region at E3.5. These cells do not express HNK-1 (blue) and very few
express the quail endothelial marker QH-1 (red). (i) HH17 TG cells at E3.5 that migrated into the first branchial arch retain expression of HNK-1 (blue). The
endoderm (En) is also positive for HNK-1. (j) TG cells in E8 hosts contribute to peripheral nerves and express HNK-1 (blue). (k) TG cells contribute to the
E3.5 host TG, labeled with HNK-1 (blue). (l) Many quail TG cells within the TG at E8 express the neuronal marker HuC/HuD (red, arrow). Scale bars in
(a), (e), (h), and (k), 100 m; bars in (b), (f), and (g), 50 m; bars in (c), (d), (i), and (j), 20 m; and bar in (l), 10 m.
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E8 confirmed that the majority of quail cells remained in or
near the graft site. Quail cells that had dispersed contributed
to various types of host connective tissue located mainly
close to the graft and to a lesser extent in the proximal
mandible: dermis, cartilage, smooth muscle around blood
vessels, among skeletal muscle fibers and connective tissue.
Quail cells in the cartilage occupied discrete regions both
within and at the periphery of the cartilage adjacent to the
perichondrium and rarely mixed with host cells (Fig. 2a).
Some QCPN-positive cells were within normally shaped
host cartilage, whereas other QCPN-positive cartilage cells
formed discrete separate nodules to host cartilage. No
QCPN-positive cells were found in the trigeminal ganglia at
either E3.5 or E8, even when the graft was adjacent to the
developing ganglion (Fig. 2b). However, a small number
were observed along NF-positive nerves in E8 recipients
(Fig. 2c), and may have formed Schwann cells, although the
majority of these QCPN-positive cells were HNK-1-nega-
tive. From one graft located very close to the midbrain,
QCPN-positive cells were found both adjacent to and within
the brain, often associated with blood cells, and both posi-
tive and negative for QH-1. None of these cells were pos-
itive for neuronal markers NF or HuC/HuD (Fig. 2d), and
they may have contributed to the meninges and vascular
smooth muscle cells or pericytes. Neural crest cells have
been shown to form pericytes and smooth muscle around
blood vessels within the brain and contribute to the menin-
ges (Etchevers et al., 2001; Korn et al., 2002), and it is likely
that this is the fate of these cells.
HH14–HH15 branchial arch mesenchyme is capable of
long-range migration similar to neural crest, but differs
in short range localization and differentiation
Analysis at E3.5 showed a loosely aggregated mass of
QCPN-positive cells at the site of transplantation, and a
large number of cells migrated away from HH14–HH15
branchial arch mesenchyme grafts. Many more quail cells
migrated further ventrally compared with HH17–HH19
branchial arch mesenchyme grafts (Table 1). These cells
displayed consistent patterns in their migration. The major-
ity of cells migrating from the graft moved ventrally toward
the first branchial arch, and populated the caudal half of the
arch predominantly in the subepithelial zone normally pop-
ulated by neural crest cells. Quail cells in the branchial arch
were found as groups and single cells dispersed with host
cells, in both proximal and distal regions of the branchial
arch (Fig. 2e). QH-1 staining revealed that only a few cells
of the profuse graft-derived mesenchyme were endothelial
in origin. By E8, cells that migrated away from the graft
contributed to numerous connective tissue derivatives.
QCPN-positive cells were found dispersed in the dermis
both near the site of graft transplantation and in the distal
mandible. Quail cells were also found in cartilage, as SMA-
positive smooth muscle around blood vessels (Fig. 2f),
among and in MF20-positive skeletal muscle fibers (Fig.
2g), and in connective tissue of the head mesenchyme and
mandible. Similarly to HH17–HH19 branchial arch mesen-
chyme, QCPN-positive cartilage cells occupied discrete re-
gions both within and at the periphery of normal host
cartilage adjacent to the perichondrium, and seldom mixed
with host cells, or formed separate cartilage nodules.
QCPN-positive cells were not observed in the epidermis.
A significant proportion of quail cells was observed very
close to the dorsal aorta and first branchial pouch in 13/17
hosts examined at E3.5 (Fig. 2e and h). The number of cells
here as a proportion of the total migratory cells was con-
sistently far greater than that from neural fold grafts (Table
1). The cells in this area were often aggregated and were
derived from chains of cells stretching either ventromedi-
ally, directly from the graft or diverging at right angles
medially along the first branchial pouch from the ventrolat-
erally migrating stream. Absence of QH-1 staining indi-
cated that most of the cells around the dorsal aorta were not
endothelial, and none of the QCPN-positive cells in this
region were positive for HNK-1 or neuronal markers (Fig.
2h). In E8 recipients, a small number of QCPN-positive,
HNK-1-negative cells were observed near this site, adjacent
to the epithelium of the dorsal surface of the mouth, in the
same position as neural crest cells from neural fold grafts.
Few QCPN-positive cells were observed in the smooth
muscle around the internal carotid artery, the derivative of
the dorsal aorta at E8. Both at E3.5 and E8, some quail cells
were dispersed in the head mesenchyme radially from the
graft, and often a small number of cells were found dorsal
to the hindbrain. In E8 hosts, a number of QCPN-positive
cells were observed in connective tissue in the developing
hindbrain.
Similarly to HH17–HH19 branchial arch mesenchyme
grafts, QCPN immunolabeling revealed only a few isolated
quail branchial arch mesenchyme cells within the trigeminal
ganglia, even when the grafts were immediately next to and
partly surrounded the ganglia. At E8, a small number of
QCPN-positive cells were observed within the trigeminal
ganglia, within the brain and in conjunction with NF stain-
ing along nerves. All of the QCPN-positive cells within the
brain and ganglia were negative for NF and HuC/HuD, and
some were QH-1-positive. Thus, the QCPN-positive cells
within neural tissue were probably forming pericytes, vas-
cular smooth muscle, or meningeal cells. The few QCPN-
positive cells found along nerves were presumably Schwann
cells; however, not all were positive for HNK-1. A mass of
mesenchymal cells remained at the graft site in both E3.5
and E8 recipients.
HH17–HH19 trigeminal ganglion cells migrate into the
branchial arch, but mislocalize there and are restricted
to neural fates
The inability of branchial arch mesenchyme to incorpo-
rate into the developing trigeminal ganglia and form neural
tissue raised the question of whether trigeminal ganglion
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cells would be capable of migrating into the branchial arch.
Trigeminal ganglia could be recognized in and dissected
from HH17–HH19 quail, but at this early stage, may have
included some adjacent mesenchyme. Fragments of these
ganglia were grafted into younger chick hosts. At E3.5, the
graft itself was no longer observed in the chick recipient.
QCPN-positive cells were found in clusters but also as
single cells, in both proximal and distal caudal regions of
the first arch (Table 1). Quail cells were observed in the
NCAM-positive core region of the branchial arch, an ab-
normal site for branchial arch neural crest-derived cells, and
in the distal tip mesenchyme normally derived from neural
crest. The QCPN-positive cells in the distal half of the first
branchial arch had migrated ahead of NF-positive nerve
fibers that innervate the mesodermal core of the arch. The
majority of QCPN-positive cells in the branchial arch in
both the core and periphery expressed HNK-1 and NCAM,
at a time when NCAM-negative endogenous neural crest-
derived branchial arch cells have down-regulated HNK-1
(Fig. 2i). In E8 recipients, the vast majority of QCPN-
positive cells in the mandible were HNK-1-positive and
associated with nerve fibers (Fig. 2j) or dispersed among
skeletal muscle fibres. QCPN-positive cells around blood
vessels were also HNK-1-positive and associated with NF
staining. A number of HNK-1-positive, QCPN-positive
cells were found in the dermis of the distal mandible.
At E3.5, a number of QCPN-positive cells were found
dispersed in the dorsal head mesenchyme, and also near the
dorsal aorta, some of which were positive for HNK-1, while
others in the same regions were negative for HNK-1 and
may have been contaminating quail mesoderm. In all five
hosts immunolabeled for QH-1, no QH-1-positive cells
were observed, suggesting that there was little endothelial
contamination present in the graft; however, some meso-
dermal contamination cannot be ruled out. In E8 recipients,
a small number of QCPN-positive, HNK-1-negative cells
were observed in connective tissue and skeletal muscle.
These cells may be contaminating mesoderm cells. No
QCPN-positive trigeminal ganglion-derived cells were ob-
served in cartilage, smooth muscle, or in the brain.
In E3.5 and E8 recipients, many QCPN-positive and HNK-
1-positive cells were dispersed among host cells within the
trigeminal (Fig. 2k and l) and other ganglia, including the
ciliary ganglia, and also along the extensions and branches of
the trigeminal nerves (Fig. 2j) around the eye, blood vessels, in
the mandible, and among skeletal muscle fibers. Many of the
QCPN-positive cells in the trigeminal ganglia at E8 were
positive for HuC/HuD (Fig. 2l).
Neural crest-derived branchial arch cells follow the same
migratory pattern as total branchial arch mesenchyme grafts
Branchial arch mesenchyme consists not only of neural
crest cells, but also mesodermally derived mesenchyme,
which gives rise to skeletal muscle and endothelial cells. It
is possible that these cells could have contributed to the cell
distributions described for the branchial arch grafts. To test
whether neural crest-derived cells were responsible for the
pattern of migration observed in branchial arch mesen-
chyme grafts, we used a double grafting technique (Fig. 3a).
We grafted the (1) neural folds of rhombomeres 1 and 2 or
(2) paraxial mesoderm adjacent to this region from HH8
quail into HH8 chick, and reincubated the chick host for
24–40 h, until HH14–HH19. During this time, quail neural
crest or mesodermal graft cells migrated into the branchial
arches. We then dissected the resulting chimaeric branchial
arch, containing either (1) quail neural crest and chick host
mesodermally derived cells, or (2) quail mesodermal and
chick host neural crest derived cells, and grafted these
tissues into HH7–HH10 chick hosts. Thus, the only quail
cells in the final chick host were either (1) neural crest-
derived branchial arch mesenchyme or (2) mesodermally
derived mesenchyme.
In 24 double quail neural crest branchial arch grafts,
some quail cells remained stationary in the graft. Quail cells
were observed in the first branchial arch in 17/24 recipients
fixed at E3.5 and in the region around the dorsal aorta in
19/24 cases (Fig. 3b). The QCPN-positive cells observed in
the branchial arch were mostly in the neural crest-populated
periphery. In only 1/24 grafts were a few cells observed
within the trigeminal ganglia. Thus, the quail neural crest-
derived branchial arch mesenchyme cells behaved in the
same manner as total branchial arch mesenchyme, showing
that neural crest-derived branchial arch mesenchyme cells
can migrate to the branchial arch and dorsal aorta.
In contrast, five double quail mesoderm branchial arch
mesenchyme grafts did not give rise to large numbers of
cells that migrated to the branchial arch and dorsal aorta at
E3.5. A few QCPN- positive cells, both QH-1-positive and
-negative were found in the core region of the branchial arch
in four of five grafts, as revealed by NCAM staining, but
very few QCPN-positive cells were present in the neural
crest-rich periphery of the arch. The majority of QCPN-
positive cells from these grafts were loosely dispersed in the
head mesenchyme, close to the graft site (Fig. 3c). QH-1
staining revealed that many migratory cells from double
mesenchyme grafts were endothelial cells that dispersed
radially from the graft. A small number of quail cells were
found at the dorsal aorta in three of five cases, consisting of
QH-1-positive and -negative cells.
Neural crest cells collected during the final phase of
migration begin to show restrictions in developmental
potential
As a population, migratory neural crest obtained soon
after the onset of migration have been shown to be pluri-
potent (Baker et al., 1997), and the above results show that,
soon after neural crest cells cease migration, they become
restricted in cell potential. We wished to examine in more
detail when the restrictions to cell potential occur. We
grafted several stages of migrating neural crest cells: dor-
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solateral or early migrating neural crest cells obtained from
HH9 to 10 donors, ventrolateral neural crest cells consist-
ing of neural crest cells approaching their final location of
the branchial arch from HH12–HH13 donors, and dorsolat-
eral neural crest cells condensing to form the trigeminal
ganglion from HH13–HH14 donors (Fig. 4a).
HH9–HH10 dorsolateral migrating neural crest
Neural crest in the early stages of migration (Fig. 4a, left)
were dissected from the region immediately adjacent to the
caudal mesencephalon and rhombomeres 1 and 2 of 8- to
10-somite-stage (HH9 to 10) quail embryos. This popu-
lation is equivalent to the early migrating neural crest pop-
ulation of Baker et al. (1997). Similarly to Baker et al.
(1997), we found that neural crest cells in the early stages of
migration contributed to the same structures as the premi-
gratory neural crest from neural fold grafts (Table 1).
QCPN-positive cells in E3.5 recipients were found in the
periphery of the inferior half of the first branchial arch (Fig.
4b), dispersed throughout the head mesenchyme, and many
were present in the trigeminal ganglia (Fig. 4c). A number
of QH-1-positive cells were observed dispersed in a radial
manner from the graft, throughout the head mesenchyme,
indicating some mesodermal contamination of the graft. A
number of QCPN- positive cells, both positive and negative
for QH-1, were found around the region of the dorsal aorta
and first branchial pouch (Table 1). The cells in this region
were not aggregated, and the number of cells was not
significantly different from the number of cells found dis-
persed throughout the head mesenchyme.
HH12 ventrolateral migrating neural crest
We grafted HH12 quail ventrolateral neural crest from
the region ventral to the pharynx, level with rhombomeres 1
and 2 (Fig. 4a, middle), into younger chick hosts. This
population of neural crest is destined to fill the first
branchial arch and is ventral to the cells giving rise to the
trigeminal ganglion (Noden, 1988). Recipient embryos
fixed at E3.5 revealed many QCPN-positive cells migrating
similarly to neural fold-derived neural crest into the caudal
periphery of the first branchial arch (Table 1). Very few
quail cells in the first branchial arch were QH-1-positive.
QCPN-positive cells, the majority of which were QH-1-
negative, were observed in significant numbers around the
dorsal aorta and first pouch region, distributed in a similar
manner to HH14–HH15 branchial arch grafts. A number of
QH-1-positive cells were found in the head mesenchyme
dispersed radially from the graft, and around the dorsal
aorta. Some QCPN-positive cells were observed in the tri-
geminal ganglia, revealed by HNK-1 immunoreactivity.
However, the comparative number of QCPN-positive cells
within the trigeminal ganglia was clearly less than the con-
tribution of neural crest cells to the ganglia from neural fold
grafts (Table 1). The QCPN-positive cells within the tri-
geminal ganglia were generally found within the medial
portions of the developing ganglia. Many QCPN-positive
cells remaining in or near the graft site appeared to be
excluded from or to avoid the trigeminal ganglion. This
population may include mesodermally derived graft tissue.
HH13 ventrolateral neural crest
At HH13, neural crest cells have just migrated into the
immature branchial arch. We dissected out this youngest
branchial arch mesenchyme (Fig. 4a, right) and grafted it
into HH8–HH10 chick hosts. In hosts fixed at E3.5, we
found that this population of branchial arch mesenchyme
behaved in a manner intermediate to that of HH12 ventro-
lateral neural crest and HH14 branchial arch mesenchyme
(Table 1). Many QCPN-positive cells migrated to the pe-
riphery of the caudal first branchial arch and were found in
the proximal and distal regions of the arch (Fig. 4d). Some
QCPN-positive cells were found near the dorsal aorta and
along the first branchial pouch (Fig. 4d), and a number of
cells were found within the dorsal head mesenchyme. In all
hosts, a small number of cells was found within the trigem-
inal ganglia (Fig. 4e); however, this was a very small pro-
portion of the total number of QCPN-positive grafted cells.
A significant proportion of cells was found at or close to the
graft site and around the trigeminal ganglia (Fig. 4e).
Fig. 3. (a) Diagram showing the serial quail–chick–chick grafting proce-
dure. HH8 quail neural fold or paraxial mesoderm (green boxes) were
transplanted into same-stage chick hosts, which were incubated for 24–40
h. The resulting chimeric branchial arch was transplanted into a second
young chick host. (b, c) Fluorescence micrographs of transverse sections
through the branchial region of E3.5 chick hosts. Quail cells are labeled
with QCPN in green, and uniformly autofluorescent blood cells are indi-
cated by asterisks. Sections are oriented with dorsal to the top. (b) Quail
neural crest branchial arch mesenchyme graft cells migrate to the region
around the dorsal aorta (DA). (c) Quail mesoderm branchial arch cells
remain dispersed in the head mesenchyme close to the graft site. A number
of QH-1-positive quail endothelial cells are dispersed in the head mesen-
chyme (red, arrow). Scale bars, 100 m.
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HH13–HH14 dorsolateral neural crest
We obtained neural crest cells condensing to form tri-
geminal ganglia from the region adjacent to the metenceph-
alon of HH13–HH14 quail donors (Fig. 4a, right). This
tissue containing ectoderm, mesoderm, and neural crest was
grafted into young chick hosts. At E3.5, QCPN-positive
cells migrated into the caudal region of the first branchial
arch and were found in both the proximal and distal regions
of the first arch (Table 1). Approximately two-thirds of the
QCPN-positive cells within the branchial arch were nega-
tive for HNK-1 and NCAM and located in the neural crest-
populated periphery. The other QCPN-positive cells within
the branchial arch retained expression of HNK-1 and
NCAM and were found in aggregates and also singly in
both the core region of the branchial arch and the distal tip
(Fig. 4f). QCPN-positive cells were also found in the dorsal
head mesenchyme, and a few were close to the dorsal aorta.
A significant number of QCPN-positive cells was observed
dispersed within the trigeminal ganglia (Fig. 4g). However,
many QCPN-positive cells remained near the graft site and
Fig. 4. (a) Schematic diagram showing transverse sections through developing quail rhombomere 1 and 2 neural tube (NT)/ first branchial arch regions. Dotted
lines indicate the regions containing neural crest cells at different stages of migration taken for grafting into chick hosts. (b–g) Fluorescence micrographs
of transverse sections showing the behavior of grafted quail cells in E3.5 chick hosts. Quail cells are labeled for QCPN in green, and sections are oriented
with dorsal to the top. Blood cells are uniformly autofluorescent (asterisks). (b) HH10 dorsolateral neural crest cells have migrated into the peripheral region
of the first branchial arch, surrounding the unlabeled mesodermal core (arrow). A small number of quail endothelial cells labeled with QH- 1 (red) are
dispersed throughout this region and by the dorsal aorta (DA). (c) HH10 dorsolateral neural crest cells contribute to the developing trigeminal ganglion (TG)
labeled with HNK-1 (blue). QH-1-positive cells (red) are found within the head mesenchyme. (d) HH13 ventrolateral neural crest cells are found within the
peripheral regions of the developing first branchial arch and near the region of the DA and first branchial pouch. (e) Very few HH13 ventrolateral neural crest
cells (arrow) contribute to the TG, labeled with HNK-1 (blue). Most QCPN-positive cells remain outside the TG, and few QH-1-positive (red) cells are
dispersed within the head mesenchyme. (f) Some HH13 dorsolateral neural crest cells (arrow) are found within the NCAM- positive (red) core region of the
first branchial arch and retain expression of NCAM and HNK-1 (blue), while other QCPN-positive cells are found in the branchial arch periphery and do
not express these markers (arrowhead). (g) HH13 dorsolateral neural crest cells contribute to the developing TG, labeled for NCAM (red) and HNK-1 (blue).
Scale bars in (b) and (d), 100 m; and bars in (c), (e), (f), and (g), 50 m.
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were excluded from contributing to the developing trigem-
inal ganglia. These cells were likely to be contaminating
mesoderm. Occasional vesicles of ectoderm were also ob-
served near the graft site.
Discussion
We have used heterochronic and heterotopic quail/chick
grafting to investigate spatial and temporal aspects of the
earliest restrictions in developmental potential of cranial
neural crest cells prior to construction of the craniofacial
complex. Premigratory quail neural crest cells obtained di-
rectly from caudal midbrain and rhombomeres 1 and 2
served as positive controls. When implanted isochronically
next to the rhombomeric neural tube of young chick hosts,
these cells were, as expected (Baker et al., 1997; Le Lievre
and Le Douarin, 1975; Noden, 1978a,b), capable of gener-
ating the full migratory potential of the host’s crest cells.
These cells also contributed to the full range of differenti-
ated derivatives normally associated with the cranial neural
crest, from proximal neural derivatives of the cranial gan-
glia to distal branchial arch skeletal elements. In contrast,
the HH17–HH19 limb bud control cells demonstrate a min-
imal level of migration. Despite this, those cells that did
migrate away from the graft were capable of integration into
a range of different non-neural tissue types.
Migration of neural crest-derived branchial arch cells is
restricted prior to loss of innate long distance migration
ability
One of the most striking early changes to occur in neural
crest cells is that they cease migration. Back-transplantation
of quail branchial arch mesenchyme next to the rhombo-
meric neural tube of a young chick host revealed that mi-
gratory ability, in terms of ability to reach the furthest
targets, was strongly restricted by HH17. However, by using
branchial arch tissue of younger age, it was clear that strong
migratory ability was still present in the branchial arch
mesenchyme population at HH14, the formative period for
the first and second branchial arches.
The branchial arch mesenchyme consists not just of cells
of neural crest lineage but also of cranial endomesenchyme
and endothelial cells. It was therefore possible that the cell
migration patterns in the back-transplants were not due to
crest-derived cells. We tested this by two-step grafting in
which early quail neural crest or quail cranial endomesen-
chyme were grafted isochronically into chick hosts and
allowed to migrate; then, the branchial arches of these
embryos were back-grafted into young chick hosts. This
confirmed that neural crest lineage cells in the first branchial
arch could execute all the migratory behavior we observed.
We conclude first that neural crest-derived cells in the
branchial arches at HH14 are still capable of further migration,
although this is the normal end of their migration. We postulate
that signals derived from the branchial arch at this stage inhibit
large-scale movement. The nature of this inhibitory signal is
unclear but may involve expression of attractant molecules in
the branchial arches, such as FGFs, and expression of restrict-
ing molecules outside the branchial arches that prevents cell
straying. There might also be alterations to cell adhesion or
reversible alterations to the neural crest cell cytoskeleton by
molecules of similar function to Reelin, which inhibits migra-
tion of cerebral cortical neurons during development (Dulabon
et al., 2000). We conclude secondly that migratory ability of
neural crest-derived ectomesenchyme cells is lost after about
12 h of residence in the branchial arches. This autonomous
change corresponds to changes in expression of certain genes,
including Dlx2 and fli, in the branchial arch crest vs more
proximal neural crest (Bulfone et al., 1993; Mager et al., 1998).
Ventrolateral migrating neural crest cells undergo a
restriction of a prior migration and localization
ability to the trigeminal site
Early cranial neural crest cells migrate in a relatively
direct ventrolateral path from the neural tube to the
branchial arches and also contribute more proximally to the
trigeminal ganglia. While the majority of HH14 branchial
arch-derived cells grafted adjacent to the neural tube fol-
lowed a similar route, these cells absolutely avoided the
trigeminal ganglion, even when the graft was directly adja-
cent to the host’s nascent ganglion. HH12-HH13 ventrolat-
eral neural crest cells showed a reduced ability to contribute
to the trigeminal ganglia. This indicates that, during the late
stages of migration and just prior to their final location in
the branchial arches, neural crest cells have taken on mor-
phogenetic characteristics that set them apart from both the
early neural crest cells and the cells that normally populate
the trigeminal ganglion. This change must occur in the
neural crest-derived cells themselves since we have used the
same host developmental stage and site in each case. The
grafted cells may no longer respond to the cues that promote
neural crest cells migrating into the site of the forming
ganglion, but equally the prospective ganglion cells may
exclude branchial arch or late-migrating neural crest. One
possible mechanism for this may be the variable presence of
cell adhesion molecules such as the homophilic cell surface
molecules NCAM. The branchial arch neural crest cells are
themselves NCAM-negative and do not populate the
NCAM-positive, mesodermally derived core region of the
arch. The ganglionic cells also express NCAM (Crossin et
al., 1985), raising the possibility that sorting based on cell
adhesion molecules (Rutishauser, 1986) may result in the
exclusion of the grafted neural crest cells from the ganglia.
Ventrolateral migrating neural crest gain an enhanced
localization ability to the dorsal aorta
A significant proportion of branchial arch graft cells
deviated medially from the normal path toward the dorsal
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aorta. Staining with the QH-1 antibody indicated that the
majority of cells clustering around the dorsal aorta were not
endothelial in origin. In addition, cells from double grafts, in
which the only quail branchial arch cells are neural crest-
derived, behaved in a similar manner to conventional
branchial arch grafts, indicating that neural crest make a
major contribution to this population. A lack of staining for
HNK-1 and neuronal markers indicated that this population
does not form neural tissue. Normally a small number of
neural crest cells migrate to this region and provide con-
nective tissue for the region and smooth muscle to the
internal carotid artery, the derivative of the dorsal aorta
(Bergwerff et al., 1998; Etchevers et al., 2001). However,
we found that significantly greater numbers of branchial
arch graft-derived cells aggregate around the dorsal aorta in
E3.5 hosts compared with neural tube controls. Thus, the
migration of branchial arch neural crest cells to this region
is an enhancement of a normal process and may reflect the
developmentally more advanced nature of these cells. The
mechanism for this is unclear but may reflect changes in
responsiveness of migratory neural crest cells to attractant
molecules produced by the dorsal aorta.
Neural crest cells forming the trigeminal ganglion retain
long distance migration ability but their localization
ability is subtly changed
Cessation of migration also occurs in the neural crest
cells of the trigeminal ganglion, which begin to coalesce at
HH12 (Covell and Noden, 1989). We have demonstrated
that the ganglionic neural crest cells over 24 h later, at
HH19, still retain the ability when back-transplanted to
translocate to all general regions populated by early neural
crest, including the distal tip of the branchial arch. This is in
contrast to HH17 branchial arch-derived crest cells. These
QCPN- positive cells are mainly neural crest-derived gan-
glion cells, as the majority also expressed HNK- 1, which
only labels neural crest-derived cells and not placodally
derived ganglion cells within the trigeminal ganglia (Covell
and Noden, 1989). Interestingly, trigeminal ganglion cells
that migrated into the branchial arch exhibited some differ-
ences in localization to both neural fold and branchial arch-
derived neural crest cells in several aspects of their distri-
bution, in that trigeminal cells and some HH13–HH14
dorsolateral neural crest cells were seen in small clumps and
were also present in the mesodermal core of the arch. Thus,
while trigeminal ganglion and developing trigeminal gan-
glion cells are capable of migration into the branchial arch,
they are no longer able to partition normally into neural
crest and mesodermal derivatives. The trigeminal ganglion-
derived cells that migrated to the distal part of the first
branchial arch migrated there prior to innervation by NF-
positive nerve fibers. Normally a Schwann cell population
tracks along nerve fibers that innervate the mesodermally
derived tissue. The observation that trigeminal ganglion-
derived cells arrive at the distal tip of the branchial arch
prior to innervation suggests that these cells do not respond
to the normal developmental cues. If it is assumed that these
cells are Schwann cell precursors, these data are consistent
with a response to signals that are arch-rather than nerve-
derived.
The reasons for this are not known, but the mesodermal
core of the branchial arches is positive for the homophilic
adhesion molecule NCAM (Crossin et al., 1985), as are
neural crest-derived ganglion cells, whereas the neural
crest-derived subepithelial region of the arches is NCAM-
negative. In addition, neural crest cells normally down-
regulate the HNK-1 epitope at, or soon after, their arrival in
the arch, but trigeminal ganglion-derived cells and some
HH14 dorsolateral neural crest cells in this position re-
mained HNK-1- and NCAM-positive, as they do normally
in the ganglion. The HNK-1 cell surface carbohydrate is
appended to a number of adhesion molecules and is be-
lieved to modulate adhesive ability (Schachner et al., 1995).
Since quantitative as well as qualitative changes in cell
adhesion can affect cell sorting (Steinberg, 1970), both of
these could contribute to the inability of the ganglionic cells
to compartmentalize in a similar manner to native neural
crest cells and branchial arch-derived cells.
First branchial arch- and trigeminal ganglion-derived
cells both undergo restrictions to developmental
potential but with a different time course to
their loss of migratory ability
Cells from the first branchial arch of HH14 and older
ages were totally unable to contribute neurons recognizable
by NF or HuC/HuD expression. Even prior to this, at
HH12–HH13, cells approaching the future arches showed
reduced ability to contribute to the trigeminal ganglion.
Thus, by HH14, branchial arch neural crest cells are not
only restricted from migrating into the trigeminal ganglion
but are restricted to non-neural fates. This contrasts with
their ability to form a range of ectomesenchymal fates.
Ciment and Weston (1985) found that E3.5 (HH23)
quail first branchial arch mesenchyme grafted into younger
chick hosts only gave rise to connective tissues but never
neurons, glia, or melanocytes. While our findings are pre-
dominantly consistent with this study, we found that first
branchial arch grafts could furnish a small number of cells
aligned along NF nerve fiber tracts, which were probably
Schwann cells, although they were mainly negative for
HNK-1. This discrepancy may be due to the age of the graft.
It may be that the ability to produce Schwann cells declines
between the oldest stage we examined (HH19) and HH23,
the stage used by Ciment and Weston (1985). Alternatively,
the position of the graft may account for the differences; our
results indicate that HH17-HH19 quail branchial arch cells
show little migratory ability, and if the graft was not posi-
tioned close to a nerve, it is possible that few quail cells
would migrate far enough to be recruited as Schwann cells.
Thus, when neural crest normally cease migrating in the
74 S.J. McKeown et al. / Developmental Biology 255 (2003) 62–76
first branchial arch, the lineage restriction was followed
rather than paralleled by loss of migration competency,
suggesting that the two mechanisms may be regulated in-
dependently. Moreover, the observed loss of fine-scale lo-
calization ability may indirectly preclude cells from differ-
entiating into particular cell types, if the required
differentiation signals are spatially confined. These findings
parallel and extend those from grafting studies involving
spinal and cranial ganglia (Ayer-Le Lievre and Le Douarin,
1982; Dupin, 1984; Le Douarin et al., 1978; Le Lievre et al.,
1980; Schweizer et al., 1983); they provide a more detailed
temporal framework for understanding the molecular mech-
anisms controlling craniofacial development.
Most grafted trigeminal ganglion cells from HH17-
HH19 donors were found in association with neural struc-
tures, such as the trigeminal and other ganglia and nerves.
However, many cells were not directly located with host
neural structures and were located within the branchial arch.
The expression of HNK-1 in the majority of these cells and
their location along NF-positive fibers suggests that they
were of neural type and that they did not form connective
tissue typical of their site. The inability of trigeminal gan-
glion-derived cells to participate in the formation of ecto-
mesenchymal lineages cannot be attributed to their exclu-
sion from the branchial arch since many were found there,
including in the arch periphery, a site appropriate for ex-
pression of neural crest cell ectomesenchymal fates. This
suggests that the restriction of such cells to a nonectomes-
enchymal, indeed neural, fate has already been made by
HH17 in the ganglion itself. These restrictions may be
beginning to occur at HH13-HH14, as we found some
dorsolateral neural crest cells from these stages behaved like
HH17-HH19 trigeminal ganglion-derived cells in the
branchial arch: they retained HNK-1 and NCAM expression
and were also found within the core of the arch.
Conclusions
First, latent long-range migratory ability persists after
rhombomere 1 and 2 neural crest cells normally cease mi-
grating at their target sites in the first branchial arch and the
trigeminal ganglion. Secondly, the length of this persistence
varies with the neural crest derivative: first branchial arch
ectomesenchymal cells lose migratory ability (HH17) about
12 h after arrival (HH13) in the branchial arch, in compar-
ison with trigeminal ganglion-derived cells, which maintain
migratory potential for at least 24 h after normal migration
cessation. Thirdly, despite the persistence of long-range
migratory ability, neural crest cells, as they are arriving at
their final destination, show diverse subtle alterations in
short-range assemblage (localization) ability, compared
with early neural crest cells. Branchial arch cells lose ability
to assemble in the ganglionic position and develop an en-
hanced ability to assemble at the dorsal aorta, whereas
ganglion-derived cells can translocate to the branchial arch
but are mainly within the mesodermal core. These cells may
be either unspecified neural crest cells that cannot correctly
compartmentalize within the arch or Schwann cell precur-
sors that arrive there inappropriately in advance of ganglion
derived nerve fibers. Finally, major restrictions in neural
crest cell lineage potential commence on, or even before,
arriving in their final location, prior to a loss of long-range
migratory ability, which suggests that morphogenetic ability
is regulated separately from differentiation.
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